ABSTRACT: This paper aims at characterizing the structural and textural evolution of three mixed-layered clays in Ca-form from Southern and Central Tunisia, These samples contain various amounts of mixed-layer smectite-illite associated with crystallites of kaolinite. The clay fractions were prepared in the Ca-form and submitted to suction pressures increasing from 3.2 up to 1000 kPa. The structural and textural changes of the pastes obtained were studied by TEM and SAXS. The TEM observations and SAXS quantitative analysis on samples at low stress (3.2 kPa) showed that the thickness of the particles (number of layers per particle) and their lateral extension (in the plane of layers) decrease with increasing illite content. The textural evolution during drying, as described by SAXS, is controlled by the geometry of particles which is determined by the mineralogy of the structural units. With increasing illite content, the particles became shorter, rigid and had flat surfaces. This geometry increases their ability to associate face-to-face during dehydration. When the 2:1 fraction contains a high proportion of smectite, the architecture of the clay-water system at high water content (low stress) seems to be analogous to that of smectites. However, contrary to the behaviour of pure smectites reported in the literature, desiccation led first to a rupture of particles and a reorganization of the geometry of the pore system. This behaviour is due to the rigidity of particles caused by the presence of non-exchangeable K. The structural evolution showed that for an illite-rich sample a transition from the three-water layer to the one-water layer state occurred at 1000 kPa, whereas for smectite-rich materials, the hydration state of layers, i.e. three water layers, was not affected.
Mixed-layer minerals are known to be abundant in clay materials of diverse origin. Commonly, their presence in the clay fraction is sufficient to exert a strong influence on the material properties. Both the structural and mineralogical characteristics of the constituents play a role in determining the extent of this influence. Among the fundamental features needed to explain their properties, one of the most important is associated with their water-holding capacity. For instance the spatial organization of the clay-water system is intimately correlated with the characteristics of the structural units. For mineralogically homogeneous samples, particularly for smectites, kaolinites and illites sensu stricto, these hydration properties have been studied widely (Tessier, 1984) . Ben Rha'iem (1983) , Ben Rhaiem et aL (1986 , Pons et al. (1982 Pons et al. ( , 1987 and Tessier (1984 Tessier ( , 1990 ) studied the structural and textural evolution of Ca-and Na-montmorillonites during a drying-rewetting cycle using high-resolution transmission electron microscopy (HRTEM) and small-angle X-ray scattering (SAXS). For Na-montmorillonite, these studies allowed characterization of the transition from hydrated solid to the gel state. Also, the colloidal behaviour of smectites has been examined extensively in order to elucidate the factors affecting properties such as swelling, permeability, suspension stability as well as aggregate stability. These studies have usually focused on the properties of homogeneous montmor-illonites (Swartzen-Allen & Matijevic, 1976; Burchitl & Hayes, 1980; Goldberg & Glaubig, 1987; Hetzel & Doner, 1993; Hetzel et aL, 1994) 9 Touret et al. (1990) demonstrated, for 2:1 swelling clays, that the water content and extensive swelling at low suctions increase with decreasing layer charge, i.e. from vermiculite to low-charge smectite. However, in soils and sediments, clays are generally formed by mixed-layer smectite-illite associated with kaolinite crystallites. The dehydration and swelling characteristics of such mixtures have mot been investigated sufficiently. This paper deals with the study of three clays containing different amounts of smectite, illite and kaolinite in order to characterize the evolution of different levels of structural organization during desiccation.
MATERIALS AND METHODS

Materials
Three clay minerals from central Tunisia (JZ1 and 22/2) and southern Tunisia (A402) were selected for this study. The clay fractions (<2 ~tm) were Na exchanged, separated by sedimentation, and then washed three times with 1N calcium chloride solution, the excess of chloride being eliminated by washing in distilled water and by subsequent dialysis. The XRD patterns ( Fig. 1 oriented, air-dried and Ca-saturated specimens were obtained by reflection with a Philips PW1710 installation supplied with a horizontal goniometer and a vertical object plane, using Ni-filtered Cu-Kc~ radiation. These diffractograms showed that all samples contain separate kaolinite and mixed-layer smectite-illite. The chemical analyses were carried out using the method described by Soljic & Marjanovic-Krajovan (1968) , in order to evaluate silica, A1, Fe, Mg, Ca, Na and K oxides in the clays. The mineralogical compositions of the clay fractions were determined by XRD and are reported in Table 1 . Sample 22/2 is an illite-rich material while JZ1 and A402 have similar smectite contents. In sample A402 the kaolinite content is lower than in the other samples. The contents of kaolinite were also estimated using TG/DTA analysis and the corresponding amounts of silica and alumina (using the ideal formula for kaolinite Si2AI2Os(OH)4), were deduced from the total chemical analysis 9 The mean structural formulae of the 2:1 phases were calculated using the procedure described by Moore & Reynolds (1989) Ko.s24Nao.391Cao.o6
The SAXS and HRTEM studies were carried out on Ca-clay pastes submitted to increasing suction pressures from 3.2-1000 kPa following the procedure of Richards (t941) and Tessier & Berrier (1979) .
The SAXS patterns were obtained by using a transmission device and recorded with a RIGAKU apparatus with a rotating anode and Cu-K~ radiation. Sample preparation of the clays for HRTEM analysis followed the method of Tessier (1984) . The pastes were carefully cut so as to preserve their orientation and placed in dissolved Agar which helps to preserve the microstructure during the ensuing solvent exchange. After solidification, the excess of Agar was removed and the sample placed in a Reichert-Jung Lynx el sample embedder. Water was first replaced by methanol, then propylene oxide and finally by Spurr's resin. The samples were placed in a 65~ oven for 24 h to polymerize the resin. Thin-sections were cut with a diamond knife on a Reichert-Jung Ultracut E microtome to a thickness of 50-60 nm and a width of about 100 gm. They were then placed on collodion-coated Cu grids. Electron micrographs were obtained on a Philips model 420 transmission electron microscope (TEM).
Calculation of the theoretical intensities
The textural and structural evolution during drying was determined by comparing the experimental SAXS patterns with the theoretical intensities calculated from structural models (Mering, 1949; Kakinoki & Komura, 1952; MacEwan, 1956 MacEwan, , 1958 Reynolds, 1980; Plangon, 1981; Drits & Tchoubar, 1990; Pons et al., 1995) . The theoretical profiles were calculated from the matrix expression developed by Plangon (1981): (20) where Re means the real part of the final matrix; Spur, the sum of the diagonal terms of the real matrix; Lp, the Lorentz-polarization factor; M, the number of layers per stack; n, an integer varying between 1 and M-l; [~], the structure factor matrix; [I], the unit matrix; [W], the diagonal matrix of the proportions of the different kinds of layers, and [Q], the matrix representing the interference phenomena between adjacent layers. For a mixed-layer illite-smectite system and a nearest neighbour interaction, [Q] takes the form:
where di and ds are the d-spacings of the illite and smectite la.yers, respectively, and Psi is the probability of passing from a smectitic to an illitic layer. The relationships between the different kinds of layer proportions and probabilities are given by (Reynolds, 1980; Drits & Tchoubar, 1990; Pons et al., 1995) :
Ws + wi = 1, Pss +Psi = 1, Pis +Pii = 1, Ws.Ps i = wi.Pi s
Physical significance of structural parameters
The SAXS computation models used assumed the particles to be stacks of M silicate layers. For homogeneous smectite, the internal structure of such particles is given by the degree of order in the succession of layers which is described by the interlayer distance distribution (a set of i translations dl, d2 ........ di and their respective probabilities Pl, P2 ...... , Pi)-Each distribution is characterized __b_y the average interlayer spacing d and the ratio 52/d 2 where ~ is the variance of the interlayer distribution. The greater this ratio, the more disordered is the system (Saez-Aunon et al., Ben Rhaiem et al., 1986 .
For mixed-layer minerals of swelling and nonswelling layers, we assume that the organization of the swelling phase is still described by the same parameters as the homogeneous one. Thus for a mixed-layer smectite-illite, the particles are defined as stacks of M layers formed by M.ws smectitic and M.wi illitic layers. Within these particles and since the illite has only one interlayer spacing, the organization is described by the same structural parameters as in the homogeneous smectite. Another parameter characterizing the disorder is d*, the average interlayer spacing calculated by using only the distances corresponding to 1, 2, 3 and 4 water layers between smectitic sheets. The difference between d and d --z corresponds to interlayer distances of the order of 30-50 A (micropores). These distances are essentially smectitic and subdivide the particle into 'substacks' of m layers.
SAXS RESULTS
Evolution of microstructural parameters during drying
The water contents were determined relative to the dry weight of clays heated at 150~ (Tessier, 1984) . The results summarized in Fig. 2 showed that these water contents are affected by the mineralogy of the clays and decrease with increasing illitic character of the samples. The elaboration of a calculated X-ray pattern given by an interstratified system starts from a structural model, with explicit reference to the following parameters: the number of types of layers, their chemical composition, their concentration, the mode of succession of the different types of layers, the mean thickness of particles as well as their law of distribution. The z-coordinates of the atoms were those of Drits (1975) and their origin was placed on the sheet of surface oxygen atoms. An example of agreement between experimental and calculated intensities is reported in Fig. 3 . The structural and textural parameters obtained from the quantitative SAXS analysis are summarized in Table 2 . The distance distributions between smectitic layers are reported in Fig. 4 , The presence of large distances between 30 and 50 A denotes the disorder within the particles. This disorder is also confirmed by the large values of ~/~2 and by the difference between d and d;.
The results can be summarized as follows. Ca-A402. During drying (Table 2 ) the interlayer spacing and particle size were not affected by suction pressures <100 kPa. This means that, up to this level, only interparticle water was partly withdrawn and the spacing between particles became smaller. For P = 1000 kPa, we note a slight improvement in the order within particles (decrease of d, 82/d "5 and micropore amount and increase of d*). On the other hand, the sample texture was markedly affected by desiccation since the number of layers per particle (i.e. the particle thickness) increases from 40 to 120. Thus, dehydration led to a face-to-face association of the initial particles and a reduction of pore and micropore spaces to interlayer distances. This result With pressure increasing to 1000 kPa, the particle size keeps increasing while the hydration state of the interlayer space undergoes an important change. Indeed, we notice the coexistence of two hydration states in the smectitic phase: a three-water layer hydrate (d = 19.4 ,~ with an abundance of 0.15) and a one-water layer hydrate (12.5 A, with an abundance of 0.2). This means that increasing suction pressure led to a passage from a three-to a one-water layer state for some silicate layers. On the contrary, Ben Rhaiem et al. (1986) observed Ca-montmorillonite to keep a three-water layer state at a suction pressure of 1000 kPa. Thus a suction pressure of 1000 kPa seems to correspond to the critical potential of water which characterizes the hydric behaviour of illite-rich materials.
Ca-JZ1. The values of structural and interstratification parameters (Table 2 ) demonstrate that this sample presents the highest degree of disorganization (the highest values of 82/~). Otherwise the internal structure of particles remains unchanged until P = 100 kPa. At P= 1000 kPa~_!the order within particles increases (decrease of 62/d2). By contrast to other clays in the literature (Ben Rhaiem et al., 1986 Pons et al., 1987) , the evolution of textural parameters up to 100 kPa showed a decrease in particle thickness. This indicates that the water removal is accompanied by a rupture of particles and a reorganization of the pore system. Beyond this level of stress, dehydration causes a face-to-face association of particles.
HRTEM OBSERVATIONS
The TEM observations were made on highly hydrated clays (P = 3.2 kPa) in order to give a complete picture of the geometry and arrangement of particles as well as the pore system at high water contents. At low magnification, in the Ca-JZ1 sample (Fig. 5a ), particles are shown to have considerable lateral extension (~500 nm) and a thickness of -70 nm with an anisotropic orientation. The Ca-A402 sample (Fig. 5b) was made up of particles with a smaller lateral extension (-200 nm) compared with those of JZ1, and the particle thickness decreased (~40 nm). In the 22/2 sample (Fig. 5c) , the lateral extension of particles (-100-200 nm) and their thickness (20 nm) were comparatively smaller.
Greater magnification showed that individual layers in Ca-JZ1 were much smaller than the lateral extension of particles (Fig. 6a) . The lateral extension of particles is due to face-to-face (F-F) contacts with overlapping. The particles are undulated and in face-to-face (F-F) contact. Most of them have generated a pore system with a 'connected' network. This architecture of Ca-JZ1 is somewhat analogous to that of Ca-saturated Wyoming montmorillonite (Ben Rhaiem et al., 1986) . We also note a large degree of disorganization within particles. The lateral extension of particles in Ca-A402 (Fig. 6b) and Ca-22/2 (Fig. 6c ) was slightly greater than that of individual layers. Particles had flat surfaces and were not elongated. Note that for the Ca-A402 and Ca-22/2 samples, the particles were flat and rigid and that the pores were 'open'.
DISCUSSION AND CONCLUSIONS
The textural and structural evolution as described by SAXS can be summarized as follows.
Textural evolution
Ca-JZ1 is the most smectitic clay and particles and crystallites are undulated with a great lateral extension mainly due to F-F contacts. This organization of the solid phase and pores appears to be similar to that of homogeneous smectite. For Ca-saturated Wyoming montmorillonite, Ben Rha '/em et al. (1986) demonstrated that dehydration leads to a face-to-face association of particles because of the elasticity of the layers and particles. When suction pressure increased on the Ca-JZ1 sample, a rupture of particles occurred perpendicularly to the layers and probably in their plane. This means that layers and particles were rigid because of the presence of the non-exchangeable K, then increasing pressure leads, as a first step, to a rupture of layers and particles and a reorganization of the geometry of the clay-water system.
The Ca-A402 sample had an illite content close to that of JZ1 clay, but its organization is similar to that of illite. In this case, particle thickness increased with increasing suction pressures ( Table 2 ). The HRTEM showed that the particles have flat surfaces and are not elongated. These particles are more prone to associate face-to-face and the smectite content is then increased slightly compared with that determined by XRD analysis. The Ca-22/2 sample is an illitic clay and its textural evolution is identical overall to that of Ca-A402. However, F-F association begins at lower pressure (100 kPa) than for Ca-A402 (1000 kPa). This is due to the fact that the particles are shorter and isometric in the ab plane and this ,geometry increases their ability to associate F-F (Srodofi & Elsass, 1994) .
Structural evolution
For Ca-JZ1 and A402, the internal structure of particles (interlayer spacings and distance distributions) remained almost unchanged during dehydration. These samples have relatively high smectite FIG. 6. High-resolution transmission electron micrographs of samples prepared at 3.2 kPa: (a) Ca-JZl, (b) Ca-A402 and (c) Ca-22/2. P denotes the particle.
contents, and their structural behaviour is analogous to that determined by Ben Rha'/em et al. (1986, 1987) for Ca-saturated Wyoming montmorillonite. For Ca-22/2 and at P = 1000 kPa, a transition from a three-water layer to a one-water layer state occurred. This transition probably took place for layers with high charge whereas for layers with lower charge a three-water layer hydration was maintained. This level of suction (1000 kPa) corresponds to a water energy which allows distinction between smectitic and illitic materials.
The results obtained showed that the textural evolution of Ca-saturated mixed-layer clays during dehydration must be related to their microstructure at its smallest level. This behaviour is controlled by the geometry of particles which is essentially determined by the nature of the structural units. When the amount of illite increased, the particles became rigid and their lateral extension and thickness decreased. Dehydration led to a F-F association of these particles. The ability to associate face-to-face increases if particles have flat surfaces, are rigid and not elongated in the ab plane. In this way, the thickness of particles in the Ca-22/2 sample began at lower suction than for Ca-A402. The structural evolution showed that for smectite and highly smectitic mixed-layer minerals the internal structure of particles and the hydration state of layers, i,e. three-water layers are not affected until suction pressures of 1000 kPa are reached. For illitic samples a transition from a three-to a one-water layer state occurred at 1000 kPa. This result is important because it enables distinction of the hydration properties of illite-rich materials from those of smectites.
